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Abstract 
Reliability evaluation of active distribution networks (ADNs) considering customer satisfaction is studied in this 
paper. Operation optimization of ADNs is innovatively integrated into the reliability evaluation by a Sequential 
Monte Carlo (SMC) simulation. The operation optimization aims to minimize the operation cost of ADNs, however, 
during the optimization, customers have to change their electricity consumption habit, which affects customer 
satisfaction and the reliability of customers and ADNs. Two kinds of customer satisfaction indices are defined as 
constrains in the operation optimization to quantify these effects. Extensive studies are conducted on an IEEE 
standard test system. Optimal operation cost and reliability indices are obtained from the SMC simulation, which 
validate the presented models and methods. The evaluation results accurately quantify the reliability and economic 
performance of ADNs, and provide helpful suggestions for distribution system operators (DSOs) to effectively 
improve the reliability and operation economy of ADNs using demand resources. 
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1. Introduction 
Renewable energy (RE) resources (such as wind and solar) have drawn attention from researchers in 
the world because of their environmental-friendly features. However, it is challenging to integrate RE 
resources into distribution networks due to their intermittency and uncertainty. Active distribution 
networks (ADNs), which can properly and actively control the combination of distributed energy 
resources (DERs, RE generators, controllable loads and storages), are emerging paradigms for effective 
integration of RE resources.  
Researches of ADNs have been focused on the theories and technologies of ADN measurement, 
communication and control, and a series of achievements have been published. As an integral part of 
system planning, researches on the reliability evaluation of ADNs is significant, but few literatures have 
been focused on it. In ADNs, interruptible loads, controllable loads, and energy storage devices are 
demand resources that can mitigate the intermittency of RE resources and reduce system operation cost. 
Distribution system operators (DSOs) can optimize day-ahead operation schedules based on electricity 
price signal and direct load control. Due to the optimization, customers have to change their electricity 
consumption habit, and whether customers are satisfied with these changes is a significant factor that 
affects the response strategies and determines the effects of operation optimization. To appropriately 
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model customer satisfaction in operation optimization models, and involve its effect in ADN reliability 
evaluation is an unsolved problem. 
This paper establishes new models for the operation optimization of ADNs, which are innovatively 
integrated into the reliability evaluation of ADNs by a Sequential Monte Carlo (SMC) simulation. To 
study the effects of customers’ satisfaction with the optimization on ADNs’ reliability, two kinds of 
customer satisfaction indices (Electricity consumption based and electricity cost based) are defined 
respectively as constrains in the operation optimization models. Extensive studies are conducted on an 
IEEE standard test system. The evaluation results accurately quantify the reliability and economic 
performance of ADNs, and validate the presented models and methods. Conclusions drawn from the 
results are very helpful for improving ADNs’ reliability and operation economy using demand resources. 
2. Operation optimization considering customer satisfaction 
2.1. Operation optimization models 
The implement of operation optimization in an ADN can be briefly summarized as follows: 1) 
renewable energy generation is estimated using its probability model based on weather forecast 
information; 2) central controller optimizes response strategies to follow renewable energy generation and 
minimizes ADN’s operation cost; 3) control commands are sent out to control the loads, generators, and 
energy storage devices. The objective of the operation optimization is described as follow: 
loadgridgenes BCCCC  .min ,       (1) 
where Ces and Cgen are the operation cost of energy storage devices (ESDs) and distributed generators 
(DGs), respectively. Their expression and operation constrains can be found in ref. [1].  
Cgrid is the electricity power fare of ADNs, which can be described as follows: 
 ¦
 
' 
T
t
t
sell
t
sell
t
sell
t
pur
t
pur
t
purgrid tfPsfPsC
1
,       (2) 
where tpurs and tsells are binary variables, and reflect the electricity purchase and electricity sell status of 
ADN, respectively; tsellP and
t
purP are the power of electricity purchase and sell, respectively; tsellf and
t
purf  
are the prices. These variables are restricted by 1) 1d tselltpur ss ; 2) max0 selltselltsell PsP dd , max0 purtpurtpur PsP dd . 
loadB  is the benefit of loads obtained from electricity consumption, which can be described as follow:  
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where tvipP and
t
conP are the demand power of critical loads, interruptible loads, and controllable loads, 
respectively. The benefit coefficient of critical loads and controllable loads are Bvip, and Bcon, respectively. 
For interruptible loads there is a compensation coefficient fcut, and the benefit of interruptible loads is 
described as follows: 
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where tcutP is the demand power of interruptible loads;
t
mcuts , is a binary variable, and 1,  t mcuts  means the 
m-th interruptible load is shed. 
Besides constrains of ESDs, DGs, and loads, the operation optimization of ADNs is also restricted by 
power balance: 
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where twtP and
t
pvP  are the predicted power output of wind generator and PV system, respectively.
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2.2. Customer satisfaction indices 
In this paper, two kinds of customer satisfaction indices are defined: 
x Electricity consumption based index:  
TT EEM ' 1 ;         (6) 
x Electricity cost based index:  
TT CCS ' 1 ,          (7) 
where 'ET and 'CT are the changes of electricity consumption and electricity cost in the active 
distribution network results from the operation optimization, respectively; ET and CT are the total 
electricity consumption and total cost before optimization, respectively.  
It can be seen from the definition of M and S that the larger M and S are, the more customers satisfy 
with the operation optimization. 
3. Reliability evaluation of active distribution network based on Sequential Monte Carlo simulation 
Analytical methods and simulation methods are two kinds of algorithms widely used in the reliability 
evaluation of distribution networks. Because of the integration of DERs, ADNs become networks that 
have multiple power sources, flexible topologies, and bidirectional power flow. Reliability evaluation 
method designed for traditional distribution networks cannot be directly applied to ADNs.  
In this paper, a new reliability evaluation framework is presented based on the SMC simulation 
method. The framework provides an effective solution for the evaluation of ADNs’ reliability 
performances. In the framework, the temporal features of renewable energy (RE) resources and the 
operation optimization of ADNs are captured 
accurately and described comprehensively.  
Fig.1 shows the flowchart of the methods, 
and main procedures of the simulation are 
described as follows: 1) State durations of 
components in ADNs are sampled based on a 
two-state model [2]; 2) Output of renewable 
energy resources are sampled using RE 
resource models, and temporal features of RE resources is included in the samples; 3) The process of 
operation optimization of ADNs is integrated into the SMC simulation, optimal hourly (could be minutely) 
demand, charging-discharging power of storage devices, output of DGs and power of electricity purchase 
and sell are obtained and used as input in the reliability evaluation; 4) Determine system states according 
to state durations of components, outputs of RE generation, and optimal variables above; 5) Determine 
the states of load points according to system states, and update the records of outage frequency, outage 
duration, and energy not supply, etc.; 6) Run the simulation until convergence criteria reaches, and 
calculate various indices. 
4. Case studies and analysis 
The case studies are conducted on a test system that modified based on Feeder 4 of Bus 6 in RBTS [3]. 
In the test system, a wind turbine, a PV generator, and two batteries are integrated. The capacity of the 
wind turbine, PV generator, and battery are 5MW, 4MW and 0.48MWh, respectively. The peak load is 
10.9 MW. 
4.1. Economic performance of active distribution network considering customer satisfaction 
The values of various cost and benefit are obtained from the simulation, and they are listed in Table 1, 
where M and S are defined as equations (6) and (7). 
It can be seen from the table that 1) After considering customer satisfaction, the variation of 
customers’ electricity consumption become less, energy storage devices don’t have to be frequently 
charged and discharged to maintain power balance, thus Ces reduces significantly. Similarly, Cgrid and 
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Fig.1 Flowchart for the reliability evaluation of active
distribution networks considering customer satisfaction
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Cload (the cost results from the initiative interruption of interruptible loads) reduce significantly; 2) When 
the customer satisfaction indices become higher, the total benefit of the ADN (Btotal) reduces by 3.14 
million (from 89.60 to 86.46). The reason is that with the satisfaction constrains, the customer could 
consume electricity when the price is high; 3) Cgrid and Bload are sensitive to electricity cost based index s, 
since they closely related to electricity price. While Cgen and Cload are sensitive to electricity consumption 
based index m, because they are closely related to the power balance of ADNs. 
Table 1. The values of various cost and benefit under different customer satisfaction indices  
Customer satisfaction indices(M/S) Ces ($) Cgen ($) Cgrid (millions) Cload ($) Bload (millions) Btotal (millions) 
Without satisfaction constrains 5730.3 2953.3 39.17 3978.4 130.04 89.60 
0.85/1.05 5324.9 3073.2 35.81 755.81 124.81 88.09 
0.85/1.1 5389.1 3073.2 34.09 755.81 122.27 87.26 
0.9/1.05 5410.4 3134.3 36.95 288.10 125.19 87.35 
0.9/1.1 5378.5 3134.3 35.09 288.06 122.43 86.46 
4.2. Reliability performance of active distribution network considering customer satisfaction 
In this paper, traditional reliability indices (SAIFI and EENS) and several new reliability indices are 
adopted to quantify the effects of customer satisfaction on the reliability performance of ADNs. The 
simulation results are listed in Table 2, where IIF and IAF represent initiative interruption frequency of 
interruptible loads and initiative adjustment frequency of controllable loads, respectively. Epurchase is the 
average purchased electricity of the ADN, and Ppurchase are the probability to purchase electricity. 
Table 2. The values of various cost and benefit under different customer satisfaction indices  
Customer satisfaction indices SAIFI(occ./yr.cust.) EENS(MWh) IIF(occ./yr.) IAF(occ./yr.) Epurchase(MWh) Ppurchase 
Without satisfaction constrains 1.92097 73.3859 58 4495 12158 0.6736 
0.85/1.05 1.92104 74.3473 11 2445 11168 0.6387 
0.85/1.1 1.92105 74.2927 11 1712 10764 0.6289 
0.9/1.05 1.92098 74.5203 4 1411 11382 0.6454 
0.9/1.1 1.92078 74.3570 4 476 10938 0.6347 
From the table, it is clear that the effects of satisfaction constrains on traditional reliability indices are 
slight, but they could significantly affect IIF and IAF. It means that traditional reliability indices cannot 
reflect the reliability variations results from demand response (the customers curtail or adjust electricity 
consumption response to price and incentive measures); When the electricity consumption based index M 
become higher, the Epurchase  and Ppurchase increase, while electricity cost based index S increases leading to 
lower Epurchase and Ppurchase. These two indices indicated the reliability of ADNs to service customer, 
especially when failures occur at external networks, and ADNs cannot purchase electricity from them. 
Therefore, these evaluation results provide good references for the operators to improve the reliability of 
ADNs. 
5. Conclusions 
This paper established new models and methods for the reliability evaluation of active distribution 
networks considering customer satisfaction. Evaluation results indicated that customer satisfaction 
constrains in operation optimization have obvious effects on the economic and reliability performance of 
ADNs. Demand resources are very helpful to improve ADNs’ reliability and operation economy, and the 
studies in this paper provide helpful suggestions.  
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